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MinireviewSpinal Motor Circuits:
Merging Development and Function
neuronal populations that make up the lamprey CPG,
like the locomotor circuits in higher vertebrates, are
composed of three main classes of neurons: excitatory
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interneurons that receive reticulospinal inputs for gener-University of Chicago
ating the rhythmic output and that then distribute activityChicago, Illinois 60637
to all neurons on the same side of the body; two inhibi-
tory interneurons, one contralateral and one ipsilateral,
which control alternation of the left and right motor
One hundred years ago Charles Sherrington’s studies rhythms; and output motor neurons (Grillner et al., 1995).
on neural control of muscle movements led him to pro- This simple circuit is perhaps the basic unit upon which
pose that the integrative activity of ensembles of neu- new motor neuron and interneuron classes have been
rons in a network is the fundamental unit of behavior. added, as animals needed more muscles for novel func-
Since these initial studies, considerable strides have tions and as new classes of neurons were needed to
been made in unraveling the physiological and anatomi- coordinate the activity.
cal properties of motor circuits. However, many impor- How does one dissect a neural circuit? A critical first
tant details are still missing. To a large extent understand- step toward dissecting a neural circuit is to identify the
ing spinal motor circuit function in the adult has been, neurons that contribute to its function. This entails two
until recently, the domain of physiologists and systems steps. First, different classes of neurons need to be
neurobiologists. Molecular neurobiologists have, for the identified. It has generally been assumed that neurons
most part, restricted their interests to questions related with similar morphological, physiological, and pharma-
to the embryonic development of the spinal cord. The cological properties perform the same function and,
advent of molecular genetic tools has sparked a verita- therefore, define the same class. Once identified, the
ble explosion of work defining genes and proteins that second step, testing their role in the neural circuit, can
regulate multiple aspects of spinal cord development. be undertaken. In the case of the spinal motor circuits,
Much of this work has focused on the development of classical approaches have relied on physiological and
spinal motor neurons and their projections to muscle pharmacological characteristics to define specific neu-
targets, with attention only recently being paid to more ronal classes in the mammalian spinal cord (Jankowska,
elusive and diverse interneuron populations. The main 1999). More recently, restricted expression of genes and
goal of this minireview is to illustrate that the significance gene products have provided a rich arsenal of tools to
of recent work on the neuronal specification is far mark, identify, and subject individual classes of neurons
broader than its embryonic roots and that ultimately to tests of their function.
insights generated in development may have profound Generating Neurons for the Control of Motor Activity
implications for understanding the neuronal circuits in The past few years have seen an explosion of research
the adult spinal cord and the behaviors that the motor aimed at identifying inductive and transcriptional mech-
networks control. anisms that determine neuronal identity in the spinal
Neurons, Motor Circuits, and Central cord. In the ventral spinal cord, graded concentrations
Pattern Generators of Sonic Hedgehog (Shh), a secreted morphogen, set
The spinal cord has many attributes that make it a poten- up domains of gene expression along the dorsal–ventral
tially ideal system for studying how neurons assemble axis. Five classes of neurons develop from these do-
into functional circuits. First, its anatomical organization mains, namely V0, V1, V2, and V3 interneurons, and
is relatively simple. The neuronal populations that make motor neurons (Figure 1; for review see Jessell, 2000).
up the spinal cord locomotor circuits are relatively few. The post mitotic V0, V1, V2, and V3 interneurons express
transcription factors Evx1/2, En1, Chx10/Lhx3, andSecond, the spinal cord contains an intrinsic circuitry,
Sim1, respectively (Burrill et al., 1997; Ericson et al.,a central pattern generator (CPG), which can function
1997; Matise and Joyner, 1997; Pierani et al., 1999;independently of outside influence and allows for the
Briscoe et al., 2000), whereas motor neurons are markedalternating and rhythmic movement characteristics of
by the expression of Isl1/2 and HB9 (Tsuchida et al.,locomotion.
1994; Arber et al., 1999; Thaler et al., 1999). With thisThe spinal cord CPG shares many characteristics with
information in hand, developmental biologists have fo-the locomotor circuit of lower vertebrates. The CPG of
cused on three important questions: (1) How do theselamprey is the best studied of vertebrate CPGs. Al-
inductive processes set up domains of gene activation inthough the locomotory behavior of the lamprey and tet-
the ventral neural precursors? (2) Which of these genesrapods differs, their functioning components are re-
control neuronal subtype identity? (3) How do combina-markably similar (Grillner et al., 1995). Like the tetrapod
tions of genetic factors control multiple neuronal charac-limb CPG that produces alternating flexor and extensor
teristics? More recently, a fourth issue has emerged: (4)bursts, the lamprey CPG produces alternating motor
Do genetically determined neuronal subtypes representrhythms on the left and right sides of the body. The
physiologically identified neuronal classes?
In this issue of Neuron, two studies from the labs of
Tom Jessell and Martyn Goulding address the above* To whom correspondence should be addressed (e-mail: ksharma@
delphi.bsd.uchicago.edu). questions with respect to the issue of mechanisms that
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Figure 1. Lineage of Functional Neuronal
Classes in the Spinal Cord
From left to right, schematic representation
of restricted gene expression at different dor-
sal–ventral levels in the neural progenitors
(columns marked Pax7, Pax6, Dbx1, Dbx2,
Irx3, Nkx6.1, and Nkx2.2) and generation of
specific progenitor domains in the ventral spi-
nal cord (boxes marked p0–p3 and pMN). Five
neuronal classes generated from these do-
mains and genetic factors that play critical
roles in their generation are shown as sub-
types determinants. Also shown are the
markers that identify individual postmitotic
neuronal subtypes and axon projections of
two interneuron and four motor neuron sub-
types. Abbreviations: D, dorsal; V, ventral; MMCm, medial half of the medial motor column; MMCl, lateral half of the lateral motor column;
LMCm, medial half of the lateral motor column; LMCl, lateral half of the lateral motor column.
determine interneuron cell fate (Pierani et al., 2001; tion of V0 fate via activation of Evx1 in postmitotic, V0-
fated interneurons. Thus, specification is not a one-stepMoran-Rivard et al., 2001). Using similar genetic and
molecular approaches, the two papers dissect the re- trigger. Rather, there is a critical postmitotic window
during which the differentiation program of postmitoticspective roles of the homeobox transcription factors
Dbx1 and Evx1 in the specification of V0 interneuron neurons can still be altered. However, since misfated
V0s seem to specifically take on the V1 fate rather thanfate. First, these studies use genetic and retrograde dye
labeling techniques to demonstrate that the neurons just a random neuronal fate, to some extent, a cell’s
differentiation potential must be restricted. Finally, it ismarked by the expression of homeodomain factor Evx1
are commissural interneurons that project locally, ex- also worth noting that although, in the case of Dbx1 and
Evx1, gene expression correlates with functions in celltending 1–4 spinal segments after crossing the floor
plate (Moran-Rivard et al., 2001). In contrast to Dbx1, fate specification, such correlation does not always hold
true. Cell-type-specific expression need not necessarilywhich marks neuronal progenitors (Pierani et al., 2001),
Evx1 expression is activated in postmitotic neurons reflect a role in specification. For example, although En1
is a marker for V1 interneurons, it is not required for the(Moran-Rivard et al., 2001). Elimination of the genes
encoding Dbx1 or Evx1 showed that these genes are formation of the characteristic V1 ipsilateral projections.
It is, however, required for later aspects of V1 function,necessary for the development of locally projecting
commissural V0 interneurons. Interestingly, in the ab- such as axon fasciculation and target recognition (Burrill
et al., 1997).sence of Dbx1 or Evx1, V0 interneurons adopt pheno-
types characteristic of the V1 interneurons. V0 commis- The work on Dbx1 and Evx1 in interneuron develop-
ment highlights a number of unifying principles that havesural interneurons are located in a domain that abuts
the domain of V1 interneurons. Although they are gener- emerged from studies of both interneuron and motor
neuron cell fate specification. First, neuronal specifica-ated in close proximity, the phenotypes of V1 and V0
populations are quite distinct. Migration of V0 neuronal tion depends on multiple factors acting at different
stages of neuronal differentiation. Both Dbx1 and Evx1cell bodies follows a medial migratory path, while V1
neurons migrate along a more lateral route. In contrast to are required for V0 fate specification. However, while
Dbx1 affects V0 fate specification by acting in neuronalthe commissural projections of the V0 neurons, V1 axons
remain ipsilateral, suggesting that Dbx1 and Evx1 may progenitors before they have left the cell cycle, Evx1
functions in postmitotic neurons. Second, just as speci-play a role in the distinction between V0 and V1 interneuron
fate. Elimination of either Dbx1 or Evx1 is able to convert fication of some neuronal classes seems to require the
combinatorial expression of multiple factors, some tran-the fate of a V0 interneuron to a cell with V1-like character-
istics, including a change in expression patterns, migratory scription factors appear to be required for the specifica-
tion of multiple neuronal subtypes. One example of thisroute, and axonal trajectories. Conversely, ectopic expres-
sion of either Evx1 or Dbx1 suppresses En1 expression, is the LIM homeodomain factor Lhx3 that is expressed
in both interneurons and motor neurons (Tsuchida eta marker for V1s. Together, these results demonstrate
that a single transcription factor can specify many basic al., 1994). The net effect of Lhx3 expression appears to
be dependent on the context of other factors expressedcharacteristics of neurons, including axon projections
and neurotransmitter identity. in the cell. In the case of motor neurons, both Lhx3 and
the related factor Lhx4 are required to specify all somaticA particularly interesting aspect of these results is
reflected in the temporal differences in expression of motor neurons in the spinal cord, whereas in interneu-
rons Lhx3 activates Chx10 expression (Tanabe et al.,Dbx1 and Evx1. Dbx1 is expressed primarily in early
neuronal progenitors, suggesting that it functions in 1998; Sharma et al., 1998). Third, neuronal cell fate spec-
ification may also involve repression of alternative differ-early aspects of a specification program. Evx1 is only
expressed after cells have left the cell cycle and taken entiation programs. For instance, motor neuron specifi-
cation requires the expression of the homeobox factoron the life of a neuron. Together, these two studies
suggest a pathway for V0 fate determination where Dbx HB9, which appears to function by actively suppressing
an interneuron determination program (Arber et al., 1999;expression in progenitor populations leads to a restric-
Minireview
323
Figure 2. Neural Circuits for Locomotor Behavior in Vertebrate Animals
(A) A central pattern generator (CPG), located in the ventral spinal cord controls muscle activity in each limb. CPGs that control ipsilateral
limbs are connected through propriospinal interneurons. Similarly, the CPGs for homologous limbs on either side of the body are connected
via commissural interneurons.
(B) Renshaw cells and Ia inhibitory interneurons are thought to play important role in alternation of flexor and extensor motor neurons. These
neurons represent some of the potential candidates for genetic studies of the spinal motor circuits and the locomotor behavior.
Thaler et al., 1999). Further indication that repression plays actions. Although it remains unclear whether patterning
of interneuron populations is responsive to precisely thean important role in the generation of motor and interneu-
rons comes from studies on the transcription factors same inputs, given the parallels between other aspects
of motor neuron and interneuron development, it seemsNkx6.1, Nkx2.2, and Irx3 (Briscoe et al., 2000).
One potential limitation to generalizing conclusions likely that at least some of the mechanisms will be held
in common.from the aforementioned studies is that the interneuron
subtypes identified thus far are distributed rather evenly From Genetic Markers to Functional Subtypes
An important but still unresolved issue is the correlationthroughout the spinal cord. This is in sharp contrast to
the distribution of motor neurons and locomotor CPGs between gene expression and neuronal function. To
what extent does expression of a transcription factor(Figure 2). Motor neurons that innervate epaxial (dorsal
ramus) and the hypaxial (ventral ramus) muscles are reflect the functional identity of the neuron? For the
most part, genetic studies have relied on cell body loca-present at most spinal cord levels. In contrast, limb
motor neurons are generated only at the cervical and tion, axon projections, and neurotransmitter phenotypes
to define subtype identities. For example, the positionlumbar levels. Are limb-specific interneurons generated
in the cervical and lumbar spinal cord? If so, what kind and projection patterns of Evx1 neurons suggest that
they may be a part of a crossed reflex pathway similarof molecular mechanisms would be needed to generate
such neurons? We are beginning to understand pat- to those reported in cat. These neurons are also in a
location that is similar to that of interneurons in theterning along the D/V axis, but the forces that regulate
patterning along the A/P axis are relatively unexplored. neonatal spinal cord, which have been shown by physio-
logical studies to be required for alternate activation ofIt seems likely that interneuron development at limb
levels shares some of the mechanisms that control the the left and the right limb (Kjaerulff and Kiehn, 1996;
Moran-Rivard et al., 2001). However, until recently, fewA/P patterning of motor neuron pools. In the case of
motor neurons, neurons that innervate the same muscle studies have attempted to correlate molecular pheno-
types of these cells with phsyiological analyses. In casesare arranged in pools along the A/P axis within the same
motor column (Matise and Lance-Jones, 1996; Lin et where such studies have been carried out (for instance,
in the case of physiological analyses of the En11 V1al., 1998). Secondary inductive interactions are required
to generate limb-type motor neurons. For instance, while interneurons), the results suggest that a note of caution
is appropriate when using gene expression alone tomotor neurons in all four columns need Lhx3 and Lhx4
function for proper development, only the MMCm motor define functional subtypes of neurons.
To address similar issues, Wenner and colleaguesneurons express these factors at the time of muscle
innervation (Sharma et al., 1998, 2000). Retinoid signal- (Wenner et al., 2000) recently made use of whole-cell
recording in isolated spinal cord preparations to assessing, which is restricted to the cervical and lumbar spinal
cord, results in the localized expression of another LIM- the synaptic connections of En11 interneurons in the
chicken spinal cord. While most of the En11 neuronshomeodomain factors, Lim1, in motor neurons only at
these levels (Sockanathan and Jessell, 1998). Thus, gen- made monosynaptic connections with motor neurons,
they were as likely as the non-En11 interneurons to re-eration of limb-specific motor neuron classes appears
to be dependent on multiple factors and inductive inter- ceive direct connections from the sensory afferents,
Neuron
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suggesting that En1 expression may not alone be suffi- colleagues were able to demonstrate a role for this cir-
cuit in particular locomotor behavior (Zheng et al., 1999).cient to define a restricted functional subclass of in-
The main advantage of this technique over the ablationterneurons. The Pierani paper appears to also shed
paradigms is that the test neurons remain part of ansome light on this dilemma. Examination of the Dbx1
intact neural circuit.knockout revealed that while the majority of En11 neu-
Conclusionsrons are generated from Dbx12 precursors, a minority
The recent studies provide us with insights into the ge-fraction of En11 neurons are generated from precursors
netic mechanisms that control development of the spi-that transiently express Dbx1 (Pierani et al., 2001). Despite
nal cord. By identifying genetic markers that label spe-these genetic and physiological differences among the
cific cell types in the spinal cord, these studies provideEn11 interneurons, it is worth noting that at present there
a potential interface between developmental studies inis no experimental evidence that neurons with subtle phys-
the embryo and physiological studies of the motor func-iological differences have different roles in the control of
tion in the adult. A unifying goal for all neuroscientists,motor circuits and it remains possible that these neurons
be they focused on the molecular, cellular, or systemsshare common functions in sensory-motor coordination.
levels approaches or working in vertebrates or inverte-A complete understanding of the role that distinct neu-
brates, is to understand how neurons control behaviors.ronal subclasses with defined transcription factor ex-
Ultimately, from a developmental standpoint, this comespression patterns play in circuit behavior will require
down to understanding how neurons are generated, howphysiological and behavioral analyses in the adult.
groups of neurons are assembled into networks, andAn important characteristic of the motor circuits is the
how then the activity of these circuits is coordinated toability of animals to simultaneously control and coordi-
generate complex behavior. The recent work definingnate movement of the four limbs (Figure 2). Motor
genes that control spinal interneuron cell fate is a criticalrhythms generated by a CPG are communicated to simi-
step in this direction.lar circuits that control movements in the other limbs by
two sets of interneurons. The commissural interneurons
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